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Incorporation	 of	 the	 ATRP-catalyzing	 enzyme	 horseradish	
peroxidase	 (HRP)	 into	 the	 cavities	 of	 the	 group	 II	 chaperonin	
thermosome	is	demonstrated.	The	resulting	nanoreactor	was	used	
to	 polymerize	 an	 acrylate	 under	 ARGET	 ATRP	 conditions.	 The	
confined	 space	 within	 the	 protein	 cage	 results	 in	 poly(ethylene	
glycol)	methyl	ether	acrylate	(PEGA)	with	lower	molecular	weights	
(poly(styrene)-apparent	 Mn	 =	 4400	 g	 mol
-1
)	 as	 well	 as	 narrower	
molecular	 weight	 distributions	 (!	 =	 1.08)	 compared	 to	
polymerizations	with	the	free	ATRPase	(Mn	=	43700	g	mol
-1
	and	!	
of	1.23).	
Nanoreactors,	 such	 as	 protein	 cages,
1-10
	 lipid	 and	 polymer	
vesicles,
4,11-17
	nanostructured	polymer	networks,
18
	and	hollow	
inorganic	structures
19
	present	a	unique	opportunity	to	confine	
chemical	reactions	into	compartments	with	yocto	liter	volumes	
(10
-24
	L).	There	they	can	be	studied	and	influenced	in	ways	that	
are	not	possible	in	free	solution.
1-4,20
	In	particular,	nanoreactors	
allow	 for	 a	 close	 proximity	 of	 catalyst	 and	 substrates	 and	
therefore	enhanced	reaction	rates,
21
	as	well	as	diminished	side	
reactions.
22
	The	shell	of	the	reactor	can	impart	size-	or	chemo-
selectivity	 to	 a	 catalytic	 reaction.
23-26
	 Moreover,	 the	 reaction	
chamber	 itself	 can	 define	 the	 shape	 and	 the	 size	 of	 the	
synthesized	molecules
27,28
	and	can	enable	reactions	in	untypical	
reaction	environments,	e.g.	biotransformations	in	non-aqueous	
solvents
18
	 or	 in	 living	 cells.
29
	 Furthermore,	 nanoreactors	have	
opened-up	ways	to	study	reaction	mechanisms	and	catalysis	on	
a	molecular	level.
30,31
		
The	protein	cage	thermosome	(THS),	a	group	II	chaperonin	from	
the	 archaea	 Thermoplasma	 acidophilum,	 is	 a	 hollow	
nanostructure	 of	 approx.	 16	 nm	 diameter	 in	 its	 fully	 closed	
conformation.	 Eight	α	 and	eight	β	 subunits	 form	 two	 stacked	
rings	 that	 enclose	 two	 cavities.	 They	 are	 large	 enough	 to	
accommodate	proteins	of	up	to	50	kDa.
32
	The	THS	can	take	up	
macromolecules	 into	 its	 cavities	 through	 large	gated	pores	 at	
the	apex	of	each	hemisphere.	The	pores	are	approx.	5.4	nm	in	
diameter	when	they	are	open.
32
	 In	 its	open	conformation	the	
THS	diameter	increases	to	up	to	18	nm.
33
	The	native	function	of	
THS	 is	 to	 provide	 a	 folding	 chamber	 for	 partially	 unfolded	
proteins	as	part	of	a	heat	shock	response.	Because	of	the	ability	
of	THS	to	take	up	and	release	macromolecules,	it	is	an	intriguing	
structure	 in	 nanotechnology.
34-36
	 Recently,	 we	 used	 THS	 as	
nanoreactor	 for	 Cu(I)-catalyzed	 atom	 transfer	 radical	
polymerization	 (ATRP).	 To	 this	 end,	 a	 cupper	 complex	 was	
conjugated	into	the	THS	and	N-isopropyl-acrylamide	(NiPAAm)	
and	 poly(ethylene	 glycol)	 methyl	 ether	 acrylate	 (PEGA)	 were	
polymerized	 within	 the	 cage.
35
	 The	 effect	 of	 the	 confined	
reaction	space	manifested	 itself	 in	smaller	but	more	narrowly	
dispersed	polymer	products	compared	to	polymers	synthesized	
under	 comparable	 conditions	 with	 a	 catalyst	 that	 was	
conjugated	to	a	globular	protein.	
We
37-40
	and	others
41-45
	demonstrated	that	metalloproteins	such	
as	 horseradish	 peroxidase	 (HRP),
37,39,42,44
	 hemoglobin,
38,45
	
catalase
42-44
	 and	 laccase
40-42,44
	 can	catalyze	ATRP	of	vinyl-type	
monomers	 under	 activators	 regenerated	 by	 electron	 transfer	
(ARGET)	 ATRP	 conditions.	 Thus,	 conventional	 catalysts	 for	
ATRP
46-49
	 can	 be	 replaced	 by	 non-toxic	 biological	 catalysts.	
Moreover,	 such	 ATRPases	 are	 able	 to	 polymerize	 monomers	
that	can	otherwise	not	be	polymerized	 in	a	controlled	way	by	
ATRP,	 as	 demonstrated	 for	 N-vinylimidazole.
40
	 After	 the	
reaction,	the	biomolecules	can	be	quantitatively	removed	from	
the	polymers	by	easy	means,	allowing	to	produce	polymers	that	
do	not	contain	residual	traces	of	metal	ions.
40
	
Here,	we	aim	 to	 create	an	all-protein	nanoreactor	 system	 for	
ATRP.	To	this	end,	we	encapsulated	HRP	into	the	thermosome	
by	covalent	conjugation	of	the	enzyme	to	the	inner	wall	of	the	
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THS.	By	combining	the	advantages	of	the	THS	nanoreactor	with	
the	functionalities	of	ATRPases,	we	aim	to	investigate	the	effect	
of	confined	space	on	ATRP-catalyzing	enzymes.			
A	mutant	of	THS	was	used	(K316C	of	the	β-subunit	and	surface-
exposed	cysteines	of	all	subunit	replaced	by	alanines),	because	
it	 features	 four	cysteine	 residues	as	attachment	points	 in	 the	
cavity	of	each	hemisphere.
34,35
	The	THS	was	expressed	in	E.	coli	
as	 described	 earlier.
34
	 Figure	 1a	 shows	 the	 strategy	 to	
covalently	bind	the	guest	HRP	into	the	cavities	of	the	THS.	In	a	
first	 step,	 the	 cysteines	 on	 the	 β-subunits	 of	 the	 THS	 were	
modified	with	the	heterobifunctional	 linker	maleimido	trioxa-
6-formyl	benzamide	(MTFB)	to	introduce	an	aromatic	aldehyde.	
In	 parallel,	 the	 HRP	 was	 modified	 via	 its	 lysines	 with	
succinimidyl	 6-hydrazino-nicotinamide	 (HyNic),	 a	
heterobifunctional	linker	that	introduced	hydrazine	residues	to	
the	surface	of	the	enzyme.	The	modified	THS	and	the	modified	
HRP	were	coupled	in	a	simple	incubation	step	by	formation	of	
a	pH-	and	temperature	stable	bisaryl	hydrazone	bond.	To	this	
end,	a	25-fold	excess	of	HRP	was	mixed	with	THS	and	incubated	
for	14	h	at	room	temperature.	The	host-guest	protein	conjugate	
was	purified	by	size-exclusion	chromatography	that	separated	
the	unreacted	HRP	from	the	THS-HRP.	
 
Fig.	 1	 Conjugation	 strategy	 to	 covalently	bind	HRP	 into	 the	 cavities	of	 THS	and	
reaction	scheme	 for	an	THS-HRP-catalysed	ATRP.	a)	Free	cysteines	 in	THS	 (red)	
were	modified	with	MTFB	(1).	Lysines	of	HRP	(green)	were	modified	with	HyNic	
(2).	The	modified	protein	cage	and	 the	modified	enzyme	were	 reacted	 to	 form	
THS-HRP	conjugates	via	bisaryl	hydrazone	bonds	(3).	b)	Side	view	of	a	chaperonin	
in	its	open	confirmation.	c)	Reaction	scheme	of	the	polymerization	of	PEGA	using	
THS-HRP	as	the	catalyst	under	ARGET	ATRP	conditions.	
The	 successful	 conjugation	 was	 confirmed	 by	 UV/Vis	
spectroscopy	 (Figure	 2a).	 The	 spectrum	 shows	 three	 distinct	
bands	 corresponding	 to	 THS	 and	 HRP	 (280	 nm),	 the	 bisaryl	
hydrazone	linker	(354	nm)	and	the	Soret	band	of	HRP	(402	nm).	
These	bands	allow	to	calculate	that	2.0	±	0.2	HyNic-MTFB	linkers	
formed	per	THS	and	that	an	average	of	0.4	±	0.1	HRP	bound	in	
each	THS.	Thus,	not	every	THS	cavity	is	filled	with	HRP.	This	 is	
not	surprising,	because	the	THS	adopts	a	mixture	of	fully	closed,	
bullet-shaped	(i.e.	one	hemisphere	closed,	the	other	one	open)	
and	 fully	 open	 conformations	 when	 obtained	 from	
fermentations.
33,50,51
	 Only	 open	 hemispheres	 can	 take	 up	
proteins	from	solution.	For	comparison,	the	UV/Vis	spectra	of	
THS	alone	and	of	a	conjugate	of	THS	with	a	non-heme	enzyme	
are	shown	 in	Figure	2a	and	Supporting	Figure	S1.	The	bis-aryl	
hydrazone	 bond	 at	 354	 nm	 is	 only	 present	 if	 an	 enzyme	 is	
encapsulated	into	the	THS.	The	Soret	band	of	HRP	is	only	visible	
when	HRP	is	encapsulated.		
In	addition,	small	angle	X-ray	scattering	(SAXS)	confirms	that	the	
HRP	is	located	inside	the	THS	(Figure	2b).	The	broad	peak	at	0.06	
Å
–1
	 is	 a	 signature	 of	 the	 hollow	 spherical	 protein	 and	 the	
thickness	of	its	protein	shell.	The	empty	THS	has	a	pronounced	
peak,	due	to	the	good	electron	contrast	between	the	shell	and	
the	water-filled	interior,	indicating	a	hollow	spherical	structure.	
The	 peak	 of	 THS-HRP	 is	 less	 pronounced,	 which	 indicates	 a	
reduced	electron	contrast.	This	is	caused	by	the	HRP	which	has	
a	 similar	 electron	 density	 than	 the	 THS	 and	 partially	 fills	 the	
hollow	protein.	The	SAXS	data	resulted	in	diameters	of	17.8	nm	
(THS)	and	17.2	nm	(THS-HRP)	that	are	in	good	agreement	with	
the	 reported	 size	 for	 the	 open	 conformation	 of	 THS
33
	 and	
indicate	that	HRP	is	bound	within	and	not	to	the	outside	of	the	
cage.	
Transmission	 electron	 microscopy	 (TEM)	 images	 of	 THS-HRP	
display	 the	 typical	 hexadecameric	 structure	 of	 THS
33
	 showing	
that	the	protein	cage	remained	stable	after	formation	of	THS-
HRP	 conjugate	 (Figure	 2c).	 A	 sodium	 dodecyl	 sulfate	
polyacrylamide	electrophoresis	gel	of	the	purified	THS-HRP	(see	
Figure	S2)	does	not	show	a	band	of	 free	HRP,	which	 indicates	
that	 the	 excess	 of	 HRP	 was	 quantitatively	 removed	 during	
purification	of	the	conjugate.		
 
Fig.	 2	 Characterization	 of	 THS-HRP.	 a)	 UV/Vis	 spectra	 of	 THS-HRP	 and	 of	
unfunctionalized	THS.	b)	SAXS	measurements	of	empty	THS	and	THS-HRP.	For	a	
better	comparison	curves	were	shifted	in	intensity.	c)	TEM	image	of	THS-HRP.	
The	 THS-HRP	 nanoreactors	 were	 used	 to	 polymerize	 the	
monomer	 PEGA	 (reaction	 scheme	 see	 Figure	 1c).	 A	 7:3	 v/v	
mixture	of	water	and	THF	was	 selected	as	 reaction	media	 for	
the	 polymerization	 because	 aqueous	 ATRP	 reactions	 tend	 to	
proceed	 with	 a	 better	 degree	 of	 control	 when	 conducted	 in	
mixtures	 of	 water	 and	 organic	 co-solvents.
35,48,52
	 2-
Hydroxyethyl-2-bromoisobutyrate	 (HEBIB)	 was	 used	 as	 the	
initiator	and	sodium	ascorbate	as	the	reducing	agent.	The	molar	
ratio	 of	 the	 reagents	 and	 the	 biocatalyst	 was	
[Monomer]:[Initiator]:[NaAsc]:[THS-HRP]	 67:1:0.12:3.4*10
–4
	
(only	 the	 concentration	 of	 HRP	 is	 taken	 into	 account	 for	 the	
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ratio)	in	a	total	reaction	volume	of	1.9	ml.	Polymerizations	were	
carried	 out	 under	 an	 argon	 atmosphere.	 They	 were	 stopped	
after	 20	 h	 (conversion	 of	 6%	 as	 determined	 by	
1
H-NMR)	 by	
addition	 of	 550	 μl	 non-deoxygenated	 water	 and	 exposure	 to	
ambient	 air.	 Gel	 permeation	 chromatography	 (GPC)	 revealed	
poly[poly(ethylene	glycol)	methyl	ether	acrylate]	(pPEGA)	with	
a	 poly(styrene)-apparent	 number-average	 molecular	 weight	
(Mn)	of	4400	g	mol
–1
	and	a	dispersity	(Ɖ)	of	1.08	(Figure	3).	
To	 assess	 the	 effect	 of	 the	 confined	 space	 in	 the	 THS	
nanoreactor,	 ARGET	 ATRP	 polymerizations	 were	 also	
performed	with	free	HRP.	
1
H-NMR	showed	a	conversion	of	18%,	
and	 GPC	 revealed	 pPEGA	 with	 a	 poly(styrene)-apparent	
molecular	weight	Mn	of	43700	g	mol
−1
	and	Ɖ	=	1.23	(Figure	3).	
The	 comparison	 of	 the	 THS-HRP	 nanoreactor	 versus	 the	 free	
ATRPase	 implies	 that	 the	 resulting	 polymers	 are	 significantly	
shorter	and	are	more	narrowly	dispersed	if	synthesized	in	the	
nanoreactor.	This	result	may	be	caused	by	the	close	proximity	
of	 the	 enzyme	 and	 the	 growing	 polymer	 chain	 inside	 the	
nanoreactor.	 Furthermore,	 diffusion	 limitations	 of	monomers	
and	dormant	polymer	chains	into	the	nanoreactor	may	explain	
the	 smaller	 polymer	 chains	 and	 the	 lower	 conversion	 that	
resulted	from	the	polymerization	in	the	nanoreactors.	
 
Fig.	3	GPC	traces	of	pPEGA	synthesized	by	biocatalytic	ARGET	ATRP	with	THS-HRP	
(black)	and	with	free	HRP	(gray)	in	a	water/THF	(7:3	v/v)	mixture.	
Concluding,	we	demonstrated	the	incorporation	of	the	ATRPase	
horseradish	 peroxidase	 into	 the	 cavities	 of	 the	 chaperonin	
thermosome.	The	resulting	all-protein	nanoreactor	was	used	to	
polymerize	PEGA	under	ARGET	ATRP	conditions	in	a	mixture	of	
7:3	v/v	water	and	THF.	The	enzyme	produced	shorter	and	more	
narrowly	 dispersed	 polymers	 in	 the	 nanoreactor	 than	 in	
solution.	These	results	are	consistent	with	our	previous	reports	
on	ATRP	within	THS	catalyst	by	copper	complexes,
35
	and	with	
simulations	 of	 other	 nanoreactor	 systems.
53
	 Replacing	
conventional	Cu-catalysts	with	enzymes	allows	for	heavy	metal	
free	 products
40
	 and	 therefore	 renders	 the	 resulting	 polymers	
more	 compatible	 with	 biomedical,	 food	 grade	 and	 electronic	
device	requirements.	Moreover,	this	study	paves	the	way	to	use	
THS	 and	 other	 protein	 cages	 to	 modify	 enzymatic	
polymerizations,	 e.g.	 by	providing	 size	or	 substrate	 selectivity	
through	selective	or	gated	pores	in	the	protein	shell.	
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